Two independent isolates of a Bordetella pertussis repeated DNA unit were sequenced and shown to be an insertion sequence element with five nucleotide differences between the two copies. The sequences were 1053 bp in length with near-perfect terminal inverted repeats of 28 bp, had three open reading frames, and were each flanked by short direct repeats. The two insertion sequences showed considerable homology to two other B . pertussis repeated DNA sequences reported recently: IS481 and a 530 bp repeated DNA unit. The B. pertussis insertion sequence would appear to comprise a group of closely related sequences differing mainly in flanking direct repeats and the terminal inverted repeats. The two isolates reported here, which were from the adenylate cyclase and agglutinogen 2 regions of the genome, were numbered IS48 1 v 1 and IS48 1 v2 respectively.
Two independent isolates of a Bordetella pertussis repeated DNA unit were sequenced and shown to be an insertion sequence element with five nucleotide differences between the two copies. The sequences were 1053 bp in length with near-perfect terminal inverted repeats of 28 bp, had three open reading frames, and were each flanked by short direct repeats. The two insertion sequences showed considerable homology to two other B . pertussis repeated DNA sequences reported recently: IS481 and a 530 bp repeated DNA unit. The B. pertussis insertion sequence would appear to comprise a group of closely related sequences differing mainly in flanking direct repeats and the terminal inverted repeats. The two isolates reported here, which were from the adenylate cyclase and agglutinogen 2 regions of the genome, were numbered IS48 1 v 1 and IS48 1 v2 respectively.
I N T R O D U C T I O N
Prokaryotic insertion sequence (IS) elements are one class of mobile genetic elements and represent one of several types of repeated DNA sequences (Iida et al., 1983) . IS elements are generally 700-1800 bp in size with perfect or near perfect terminal inverted repeats of 10-40 bp, have two to three open reading frames (ORFs; encoding transposition functions only) arranged in a characteristic manner, and are flanked by short direct repeats (2-12 bp) formed on insertion of the IS element at its target site (Calos & Miller, 1980; Iida et al., 1983) . The length, but not the sequence, of these direct repeats is thought to be characteristic for each IS element. IS elements frequently affect gene expression by mediating a variety of DNA rearrangements (Iida et a[., 1983) .
Bordetella pertussis, a respiratory pathogen responsible for whooping cough, has been shown to carry a repeated DNA sequence which was suggested to be an IS element and which was absent from other Bordetella species (McPheat & McNally, 1987a, b) . To characterize fully this repeat unit, two separate copies were sequenced and we confirm here that this repeat unit is an IS element.
During the preparation of this manuscript, two reports were published on the nucleotide sequence analysis of repeated DNA units specific to B . pertussis. McLafferty et al. (1988) reported the isolation of two distinct repeat units, one of which was shown to be a 1053 bp IS element (IS481), whilst Park et al. (1988) reported the presence of a 530 bp repeat unit which had no apparent structural features characteristic of IS elements. The relationships between the reported repeat units and the IS elements sequenced in this report are discussed. 
METHODS
Subcloning and extraction for DNA sequence determination. The isolation of the two clones, pIL60 and pIL22, each of which carry a separate copy of the repeat DNA sequence, has been detailed in full previously (Livey et al., 1987; McPheat & McNally, 1987a) . A 2.6 kbp BamHI fragment of pIL60 which carried the repeat unit (McPheat & McNally, 1987a) was digested with ClaI to provide two fragments of 1.5 and 1.1 kbp. These were isolated from an agarose gel and were subcloned after digestion by NarI, Sau3AI or TaqI (Northumbria Biologicals) followed by ligation into the pSP6.4 cloning vector (Melton et al., 1984) . The sequence determination of a 2.6 kbp ClaI-Sac1 fragment of pIL22 was described by Livey et al. (1987) . A contiguous SphI-ClaI fragment of 780 bp from pIL22 was isolated from an agarose gel, digested with NarI, Sau3AI or Tag1 and subcloned into pSP6.4. Recombinant plasmids were transformed into Escherichia coli DH5 (Gibco-BRL, Frozen Competent Cells) and transformants selected on Nutrient Agar (Oxoid) containing ampicillin (Sigma) at 50 pg ml-I. Single transformed colonies were inoculated into 10 ml LB medium with ampicillin (Maniatis et al., 1982) and incubated at 37 "C overnight. Plasmid DNA was prepared either by the methods of Ish-Horowicz & Burke (1981) or Holmes & Quigley (1981) , treated with RNAase A (Sigma), extracted once with phenol and passed over Sephadex G50 by the spun column procedure (Maniatis et al., 1982) , or by CsCl gradient centrifugation.
DNA sequencing and analysis. Sequencing reactions were performed by the dideoxy chain termination procedure (Sanger et al., 1977) as modified for plasmid DNA by Korneluk et al. (1985) using either Klenow enzyme or a Sequenase kit (United States Biochemical Corporation). Each insert was sequenced on both strands using either the M13 reverse sequencing primer (Pharmacia) or the SP6 sequencing primer (Gibco-BRL). To confirm the junctions of fragments at the ClaI sites of pIL60 and pIL22, synthetic oligonucleotides which flank the ClaI sites were used as primers. Each nucleotide in the final sequence had been determined at least twice on both strands. The Staden-Plus programs (Staden, 1986 ) on a VAX computer system, were used to overlap, assemble and analyse the final DNA sequences.
RESULTS A N D D I S C U S S I O N
Structural and sequence analysis of the repeat unit To determine the nucleotide sequence of the repeat unit, two separate genomic fragments having in common a single copy each of the repeat unit were sequenced in full. Our first isolate of the repeat unit (RSl) was on pIL60, a 19.6 kbp EcoRI fragment from the adenylate cyclase region cloned into pBR322 (McPheat & McNally, 1987a) . RS1 was localized to a 2-6 kbp BamHI fragment of pIL60 which was isolated and subcloned for nucleotide sequencing (Fig. 1 ).
-200 bp The second copy of the repeat unit (RS2) was on pIL22, a 7-5 kbp chromosomal fragment carrying the structural subunit gene for the serotype 2 fimbrial agglutinogen (agglutinogen 2) of B. pertussis cloned into pBR328 (Livey et al., 1987) . Hybridization of the BamHI subclone of RS1 to restriction digests of pIL22 showed that the two clones had only the repeated DNA sequence in common (data not shown). To determine the nucleotide sequence of RS2, a 2-2 kbp region of pIL22 consisting of two adjacent SphI fragments was sequenced (Fig. 1) .
Comparison of the sequences of the 2.6 kbp and 2-2 kbp fragments identified a homologous region of 1053 bp representing the repeated DNA units RS1 and RS2 (Fig. 1, Fig. 2 ). The G + C base content of the repeat unit was 63.9% which was similar to that reported for the genes encoding pertussis toxin, agglutinogen 2, and adenylate cyclase (Locht & Keith, 1986; Livey et al., 1987; Glaser et al., 1988) . The structural features of this 1053 bp sequence, its length, nearperfect terminal inverted repeats of 28 bp, three ORFs in a typical arrangement, and flanking short direct repeats of 3 or 4 bp (Fig. 2) , were all consistent with those of IS elements. Both RSl and RS2 had near-perfect terminal inverted repeats of 28 bp which could hybridize to form the stem-loop structures shown in Fig. 3 . Within the terminal inverted repeats of RSl and RS2 there was an identical 3 bp mismatch. RSl had two further mismatches resulting from G + T transversions. The nucleotide sequences immediately flanking the termini of RS1 and RS2 are also shown in Fig. 3 . A 4 bp direct repeat (CCGG) flanks the copy of RS1, whilst a 3 bp direct repeat (CCC) flanks the copy of RS2. Flanking direct repeats of this size are shared by other IS elements such as IS3 (3 or 4 bp), IS341 1 (3 bp), IS5 (4 bp), IS51 (3 bp), and IS52 (4 bp) (Iida et al., 1983; Yamada et al., 1986; Ishiguro & Sato, 1988) .
Computer analysis of the sequences of RS1 and RS2 identified three main ORFs with the potential to code for proteins of 316, 11 7 and 133 amino acids respectively (Fig. 2) . ORFl in RSl had no stop codon at the end of the repeat unit and extended a further 1057 nucleotides (352 amino acids) beyond the end of the restriction fragment with no intervening stop codon. ORF3 Fig. 3 . Terminal inverted repeats and flanking sequences of RSl and RS2. The stem-loop structure formed by maximum hybridization is shown. Flanking genomic sequences are shown in smaller letters. The 3 and 4 bp direct repeats flanking RS2 and RS1 respectively are underlined with arrows.
was internal to ORF1, on the opposite strand and in the same frame configuration (codons in phase). This arrangement of ORFs is typical of IS elements (Iida et al., 1983) . Although it is not known which, if any, of these ORFs are transcribed in viuo, a putative promoter (nucleotides 5-3 l), transcriptional start site (nucleotides 37-39), and ribosome binding site (nucleotides 89-94) were identified preceding ORFl (not shown in Fig. 2) . A computer search of the appropriate EMBL databases for homologies to the amino acid sequences of these three ORFs revealed no significant homology.
Comparison with other B. pertussis repeated DNA sequences The nucleotide sequences of two further B. pertussis repeated DNA units have been published recently (McLafferty et al., 1988; Park ut al., 1988) and are shown in comparison to those of RS1 and RS2 in Fig. 2 . McLafferty et al. (1988) presented the sequence of a 1053 bp IS element (IS48 1) which they suggested may be the same as the repeated DNA unit isolated by McPheat & McNally (1987a) . The sequence comparison in Fig. 2 shows that RSl, RS2 and IS481 are very closely related IS elements. RS1 differed from RS2 at five positions (two within the terminal inverted repeats) and from IS481 at eight positions (six within the terminal inverted repeats); RS2 and IS481 differed at five positions, four of which were within the terminal inverted repeats. All three sequences encoded the same three ORFs, although ORFl was not mentioned by McLafferty et al. (1988) . IS48 1 differed from RS1 and RS2 in having no flanking direct repeat sequences (Fig. 2) . The absence of short direct repeat sequences flanking IS elements has been found in a few other instances and may have resulted from mutations arising subsequent to insertion of the element (Iida et al., 1983; Barberis-Maino et al., 1987) . Park et al. (1988) reported the nucleotide sequence of a 530 bp repeat unit from B. pertussis. This repeat unit had no obvious structural features, but analysis of the DNA sequence showed that it matched almost exactly with the right terminal 530 bp of RS1, RS2 and IS481 (nucleotides 524-1053; Fig. 2) . Two of the three clones from which the 530 bp sequence was obtained showed further, variable, homology to RS1, RS2 and IS481 in the preceding 270 nucleotides (not shown in Fig. 2 ). It is clear that the 530 bp sequence described by Park et al. (1988) is closely related to RS1, RS2 and IS481, but it remains to be shown whether it is a naturally occurring deletion product of the 1053 bp IS element or if there is some alternative explanation.
Analysis of the sequences adjacent to the four repeated DNA units compared here shows that each was from a different chromosomal site; also, RS1 and RS2 at least were isolated from separate strains of B. pertussis (Tohama and Wellcome 28 respectively). These factors could account for the differences in nucleotides and flanking direct repeats between the sequences. However, the nucleotide differences appeared to be concentrated in the terminal inverted repeats, which are thought to be involved in the transposition of IS elements, and this could have implications for the mobility of individual members of the group (Iida et al., 1983) .
Thus, RS 1, RS2 and IS48 1 form a closely related group of IS elements and accordingly RS 1 and RS2 have been designated IS481vl and IS481v2 respectively, as suggested to us by the Plasmid Reference Centre (Lederberg, 1987) .
